A two-layer model for 1D vertical unsaturated flow based on the hypothesis of a sharp wetting front is presented. The model further assumes a uniform pore pressure throughout the wetting zone at any given time during the infiltration and redistribution processes. These assumptions allow to reduce the theoretical Richards equation to an ordinary differential equation that can track average soil moisture in two soil layers behind the wetting front as the front moves downward. The model has been tested on many soil types by comparing results against numerical solutions of the Richards equation. It was shown that the conceptual model was able to represent local infiltration and average upper soil moisture accurately for complex rainfall sequences. Errors in soil moisture estimates never exceeded 0.04 cm 3 /cm 3 , which is the range of field measurement accuracies. Furthermore, as the conceptual model is numerically faster by an order of magnitude over the solution of the Richards equation, its use makes it possible to model spatially distributed infiltration and soil moisture at the watershed scale where soil layering is known to influence the water balance.
INTRODUCTION
There has been a growing interest over the past decades in the mathematical modeling of the rainfall-runoff process occurring in a watershed. The first models that were developed mostly treated watersheds as homogeneous units where hydrological processes such as infiltration and overland flow were described by relationships with varying degrees of empiricism. More recently, a trend toward more physically based models that describe the space-time variability of hydrologic processes [e.g., Grayson et al. (1992) and Wigmosta et al. (1994) ] has occurred, which is in part, due to the increased availability of remote sensing data sources and the ease of access to powerful desktop computers.
Infiltration plays a significant role on the volume of watershed runoff. A combination of Darcy's law as applied to unsaturated flow and the equation of continuity, sometimes referred to as the Richards equation, is probably considered the best method available for computing vertical flow of soil moisture and infiltration. However, because of the natural spatial variability exhibited by many soils at the field and at the basin scale, the numerical solution of the Richards equation is too complex for practical applications (Corradini et al. 1997) . For example, Hills et al. (1989) pointed out that the computer resources required to model infiltration at the field scale using the Richards equation was much larger than for modeling ground-water flow at the same scale, especially into dry soils.
Perhaps in response to these limitations, conceptual models based on a sharp wetting front approach, such as the Green-Ampt equation (Green and Ampt 1911) , which are also derived from a representation of moisture movement using Darcy's law, have witnessed a revival of interest in watershed hydrology (Van Mullem 1991; Marcus and Lan 1992; Govindaraju and Kavvas 1993; Smith 1993; Corradini et al. 1994) . The original formulation of the Green-Ampt equation was derived to calculate infiltration from a ponded surface into a deep homogeneous soil with a uniform initial water content (Skaggs and Khaleel 1982) . However, the basic equation has been ex- tended to model steady and unsteady rainfall infiltration (Mein and Larson 1973; James et al. 1992) , for soil profiles that become denser with depth (Childs and Bybordi 1969; Kim and James 1986 ), for soils with nonuniform initial water contents (Bouwer 1969) , and to account for the formation of a soil crust on the infiltration rate (Rawls et al. 1990 ). These modifications have made the Green-Ampt equation useful for watershed modeling.
A shortcoming of the single-event approach models such as the Green-Ampt equation is in their inability to provide a good approximation of infiltration if the rainfall distribution includes relatively long periods with little or no rainfall (Skaggs and Khaleel 1982) . In such cases, soil-water redistribution can affect the infiltration process. In order to retain the benefits of using Green-Ampt formulation-type models for practical applications at the watershed scale, conceptual approaches for multirainfall events with commensurate levels of complexity must be incorporated. Models based on the dependence of infiltration capacity f c on cumulative infiltration depth F (Smith 1982) were developed as extensions of single-event approaches. However these approaches produced an underestimation of both f and F as they failed to include the effects of redistribution (Corradini et al. 1997 ). More appropriate conceptual approaches that explicitly track the temporal changes of surface volumetric soil moisture were proposed. For instance, Groves (1989) considered the redistribution as a moving piston in which infiltrated water moves downward as a wetting front along with the assumption of an initial uniform moisture content following each rainfall event. Govindaraju and Kavvas (1993) spatially integrated the continuity equation from the soil surface to the wetting front and coupled the resulting algebraic equation with the jump condition for the velocity of the sharp wetting front (Charbeneau 1989) . In both models, the expressions of Brooks and Corey (1964) were used to define the moisture retention curves and the unsaturated hydraulic conductivity function. Smith et al. (1993) and Corradini et al. (1994) relaxed the piston wetting front assumption by adopting a similarity curve described by an exponential function with a shape factor. Dagan and Bresler (1983) and Ogden and Saghafian (1997) also proposed similar conceptual approaches based on the notion of a wetting front.
Although the foregoing approaches produce infiltration estimates comparable to the ones obtained with the more theoretical, but more computer-intensive, Richards formulation of soil moisture movement, they cannot deal with soil layering. The presence of a shallow layer of more permeable soil on top of a deep, less permeable soil layer can be a significant factor in the production of excess runoff in agricultural watersheds (James and Kim 1990) , in urbanized and in forested areas. The formation of a soil crust on cultivated bare soils, resulting from the direct impact of raindrops on the surface, is also known to produce a layering effect (Morin and Benyamini 1977) . Few analytical solutions for transient vertical moisture movement in layered soils have been developed. However, the assumptions underlying their development tend to limit their use for watershed modeling. For example, the 1D transient soil moisture model of Srivastava and Yeh (1991) assumes constant flux at the soil surface.
The objective of this study is to develop a practical soil moisture model, computationally simple, physically based, and generating reliable estimates of infiltration rates and volumetric soil moisture profiles in a two-layered soil profile where the upper air layer has a higher saturated hydraulic conductivity than the soil below it. An approach based on the sharp piston front formulation is adopted. The development of the model follows the general lines adopted by Corradini et al. (1997) and Govindaraju and Kavvas (1993) and applied to homogeneous soil profiles. Validity of the model is assessed by comparing simulation results with the numerical solutions of the physically based nonlinear Richards equation.
DEVELOPMENT OF CONCEPTUAL MODEL
Let us consider 1D water movement in a two-layered soil column, with the top layer denoted Layer 1 with thickness H (cm) and the bottom Layer 2 with infinite thickness, as shown in Fig. 1 . The basis upon which infiltration is calculated in the layer profile is that of a moving piston, such that a sharp wetting front separates the wetted from the nonwetted soil. The moving piston assumption implies a rectangular soil moisture profile of length L (cm), with volumetric soil moistures 1 and 2 (cm 3 /cm 3 ), respectively for soil Layers 1 and 2 as shown in Fig. 1 . Soil moisture just below the front is equal to i1 or i2 depending on whether the front is located in Layers 1 or 2. Subscript i refers to initial soil moisture conditions, that is, before the starting of infiltration. As water infiltrates into the soil column, the wetting profile gradually expands and soil moisture increases until saturation is reached. Behind the wetting front, pore pressure in the soil is represented by an average value (cm) in all times, a reasonable assumption given the fact that there cannot be a discontinuity in pore pressure at the interface between two soil layers. Furthermore, numerical solutions of the Richards equation applied to two-layered soil columns with various combinations of hydraulic conductivities (K s1 > K s2 ) and rainfall rates suggest that representing the pore pressure profile in the transmission zone by an average value appears realistic. Fig. 2 is such an example, showing the pressure and soil moisture profiles immediately after cessation of a rainfall event. In this example, hydraulic conductivities in Layers 1 and 2 were 15 and 1 cm/h, respectively, the upper soil layer was 10 cm thick, and a constant rainfall of 1 cm/h was applied during 8 h. Note the fairly uniform pressure profile in the transmission zone, along with the corresponding soil moisture profile which exhibits a strong discontinuity at the interface between the two layers.
When saturation is attained, that is, once postponding conditions exist, infiltration rate is limited by the soil's infiltration capacity f c (cm/h). We make the assumption here that the lower layer, that is, Layer 2, limits the rate of infiltration in the soil column. Therefore the saturated hydraulic conductivity in Layer 1 is larger than that in Layer 2. This allows using the Green-Ampt approximate theory to compute f c (Childs and Bybordi 1969) . Within the soil, saturated vertical hydraulic conductivity usually declines downward as the result of soil compaction (Beven 1984) , although there are many exceptions to this rule (Kirkby 1988) , especially in disturbed and bare soils. It is well known that the direct impact of raindrops on bare soil surfaces form a stable crust layer having a saturated hydraulic conductivity significantly smaller than the soil below it (Smith et al. 1999) . Under such situations, the inclusion of a crust factor in the model formulation, such as that proposed by Rawls et al. (1990) , could be considered for incorporation of steady-state crust effects on infiltration, thereby extending the model's applicability to crusted soils.
The equations governing 1D vertical water movement into unsaturated soils are the continuity equation stated as
in which sink terms (e.g., evaporation) are neglected, and Darcy's law, which is
(2) Ѩz where = volumetric soil moisture (cm 3 /cm 3 ); q = vertical water flux (cm/h); K = hydraulic conductivity (cm/h); = pore pressure head (cm) (negative when soil is unsaturated); z = vertical coordinate direction (cm), taken positive downward; and t = time (h). Combining (1) and (2) 
where s = normalized water content; K s = saturated hydraulic conductivity (cm/h); b = Brooks and Corey bubbling pressure head (cm); s = volumetric water content at saturation (cm 3 /cm 3 ) or total porosity; r = residual water content (cm 3 / cm 3 ); and = Brooks and Corey pore size distribution index. Rawls and Brakensiek (1985) have developed regression equations to estimate K s , b , r , and given percent sand and clay of the soil and the soil porosity. The spatial integration of continuity equation [(1)] over the wetting profile for a two-layer system, assuming that the wetting front is located in the bottom layer, gives the depth-integrated continuity equation of the profile
where q 0 = soil surface infiltration (at z = 0) (cm/h); and K i2 = hydraulic conductivity in soil Layer 2 corresponding to i2 . The average net downward flux q (cm/h) in the wetting profile is given by the sum of the flux producing the elongation of the profile plus the water flux K i2 as a result of i2 , that is
Note that when the soil is entirely saturated behind the wetting front, d 1 /dt and d 2 /dt are equal to zero and infiltration q 0 becomes equal to the average net downward flux as given by (7) with 2 = s2 . Similarly, spatially integrating Darcy's law over the wetting profile gives the following equation for the average net downward water flux:
where the average hydraulic conductivity behind the wetting front is given by
with K 1 and K 2 (cm/h) computed from (5) using 1 and 2 (cm 3 /cm 3 ), respectively. Eq. (9) assumes that local flux q anywhere inside the wetting front is equal to the net average downward flux, in other words, soil moisture can only take up one value at a given time in a given soil layer, which is consistent with the rectangular soil moisture profile approach used here. Numerical solutions of the Richards equation to twolayer soil systems also support that assumption, as seen, for example, in Fig. 2 . The integral on the right-hand side of (8) can be related to the capillary potential at the wetting front S (cm), also known as the average capillary suction, in the following manner:
Govindaraju and Kavvas (1993) provide an analytical expression for the integral on the right-hand side of (10), based on the Brooks and Corey constitutive relationships. Assuming that the wetting front is located in bottom Layer 2, (10) becomes
where s 2 and s i2 = normalized water content corresponding to 2 and i2 , respectively. The depth integrated form of the continuity equation and Darcy's law are not sufficient to obtain the soil moisture profile because there are four unknowns to calculate, namely L, q 0 , 1 , and 2 . Two more equations are therefore needed. Recalling the assumption that the pore pressure is assumed uniform throughout the wetting profile, the following equation is obtained, based on the Brooks and Corey constitutive equation
Taking the time derivative of (12), and combining the resulting equation with (6)- (8) and (10) gives the following nonlinear differential equation in terms of 2 and L:
where M is a constant equal to
Under preponding conditions when both 1 and 2 are below saturation, all precipitation infiltrates, that is, q 0 = r, and the cumulative dynamic infiltration I (cm) is given by
and where subscript j takes the value of 1 or 2 depending on where the wetting front is located at a given time. Eqs. (13) and (14), along with (15), can therefore be used to obtain an estimate of 2 (t) and L(t). Once 2 is known, 1 can be computed with (12).
Note that under the presence of a homogeneous soil, H = 0 and M = 0. Eq. (13) reduces to
which is a simplified case of the more general equation developed by Corradini et al. (1997) based on the similarity curve concept. Therefore, the model can be used when the wetting front is located in the upper soil layer. Adding a sink term to (16) would also make it identical to the one-layer model developed by Govindaraju and Kavvas (1993) . Eqs. (13)-(15) are applicable when the wetting front is located in the bottom soil layer and when both 1 and 2 are below saturation. As more water infiltrates, the wetting profile elongates, and soil moisture in both layers and the corresponding average (negative) pore pressure gradually increase until saturation conditions are encountered. Because bubbling pressure generally becomes more negative with increasing clay fraction and decreasing sand fraction (Rawls and Brakensiek 1985) , the assumption of a uniform pore pressure in the wetting profile entails that the bottom layer behind the wetting front will always reach saturation before the top soil layer. Under such conditions, a similar set of equations as those presented previously can be written, this time with 2 = s2 and d 2 /dt = 0, leading to the following differential equation applicable to Layer 1: 
where the capillary potential S s2 and the average hydraulic conductivity are calculated using, respectively, (11) and (9) with K 2 replaced by K s2 and s 2 = 1. Since 1 has not reached saturation, preponding conditions still prevail such that q 0 = r. Eq. (15) with 2 = s2 can therefore be used along with (17) to solve for 1 and L. Eq. (12), which ties 1 to 2 through the assumption of a uniform pressure distribution, is no longer required and would not be applicable here since the bottom layer is now saturated behind the wetting front. In other words, the assumption of a uniform pressure profile behind the wetting front is no longer necessary to obtain the soil moisture profile given by 1 and 2 . As more water is added to the soil column, Layer 1 eventually saturates as the average pore pressure reaches b1 , 1 = s1 , 2 = s2 , d 1 /dt, and d 2 /dt = 0. Ponding conditions now exist, precipitation rate is greater than infiltration capacity f c (cm/h), and excess runoff is produced such that q 0 = f c < r. Therefore from (17) we now haveK
where K s corresponds to the saturated average hydraulic conductivity calculated from (9) with K 1 and K 2 replated by K s1 and K s2 , respectively. Note that (15) and (18) form the Green-Ampt relations, which when solved, give L and q 0 . Under such conditions, soil suction becomes larger than b1 and the pressure profile behind the wetting front may not be uniform. This, again, does not have any consequences on model validity since (12), which assumes a uniform pressure profile, is not used in the calculations. The equations describing water redistribution in the soil when rainfall ceases or is reduced to r < f c are the same as those used to determine the wetting profile under rainfall conditions. As the upper layer first falls below saturation, its average soil moisture is computed from (17) and corresponding average pore pressure = 1 from (3). The bottom layer is being replenished and remains saturated until falls below b2 , at which time the entire wetting profile becomes unsaturated. Eq. (13) is then used to solve for 2 and 1 is computed using (12).
As a new rainfall event occurs after a limited period of redistribution, reinfiltration is generated into a soil with a depth-dependent initial volumetric water content, causing a new, or ''secondary'' wetting profile to develop if the existing wetting front propagates slowly by comparison with the new front. The approach proposed by Corradini et al. (1997) , who treated the existing profile as temporarily invariant in the presence of a secondary wetting profile, has been incorporated into our model.
NUMERICAL EXPERIMENTS
Eqs. (13) and (18) of the two-layer infiltration model were solved using the classical fourth-order Runge-Kutta (RK-4) method (Chapra and Canale 1985) . In the absence of suitable field data, it was decided to evaluate the performance of the two-layer model against numerical solutions of the Richards equation. Numerical simulation of the Richards equation has been the focus of considerable research (Hills et al. 1989; Celia et al. 1990; Pan and Wierenga 1995) . Many variations of finite difference and finite-element methods have been developed, and approaches that use implicit procedure have proven to be more CPU-efficient (Haverkamp et al. 1977) . In this work, we solved the mixed-based formulation of the Richards equation, also known as the ''modified Picard method'' (Celia et al. 1990 ) using a Crank-Nicolson finite-difference scheme. This approach ensures perfect mass balance while providing accurate solutions of the equation at reasonable CPU times. The mixed-based formulation of the Richards equation is
ͩ ͪ
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Solutions of the conceptual model and of the Richards equation were obtained with various soil textural types and rainfall rates and distributions for two-layer soil profiles. A subsample of the runs is presented and analyzed in this paper. Tables 1  and 2 illustrate the soil profiles, rainfall rates, lower boundary, and initial conditions considered in this study. The corresponding soil parameters are shown in Table 3 . As a first series of tests, a soil profile composed of a 10-cm layer of a typical sandy loam on top of a thick layer of clay loam was subjected to simple and complex rainfall patterns. These numerical experiments are described in the following in Test Cases 1 and 2. The effect of soil layering on infiltration was investigated and is presented under Test Case 3. Numerical experiments involving high-and low-permeability soils were also conducted in order to gain a better understanding of the model's behavior under a variety of situations. One such numerical experiment is summarized under Test Case 4.
All the soil parameters were obtained either from average values tabulated by Rawls et al. (1983) or calculated using regression equations of Rawls and Brakensiek (1985) . It is important to point out that the values reported in Table 3 should be considered typical values that may show a high degree of variability in application (Chow et al. 1988) . Average porosity values are most reliable, varying 15-30% from the average value. Hydraulic conductivity values are far less consistent, varying by one to two orders of magnitude (James et al. 1992 ). More reliable infiltration predictions can be expected if model parameters are obtained from field measurements since these measurements tend to lump the effect of soil heterogeneities. Consequently, numerical solutions presented in this paper can only serve as a means to evaluate the validity of the conceptual two-layer model against the more rigorous Richards equation. They are not indicative of actual field conditions.
The finite-difference grid and time steps used in solving the Richards equation were fixed at 1 cm and 30 s, respectively, for all the simulation runs, except for Test Case 1, where time step was reduced to 20 s to avoid numerical oscillations. The lower boundary condition was a fixed pressure at a soil depth of 100 cm. All the simulation runs resulted in the position of the wetting front well above this boundary. The maximum surface pressure head was set to zero (ponding effects were neglected). The soil pore pressure was assumed to be initially uniform for all the simulation runs. The initial soil moisture profile in the two-layer conceptual model was calculated using the Brooks and Corey normalized water content equation [(3) ]. This resulted in nonuniform soil moisture profiles for the twolayer soil systems analyzed here. The time step used in the Runge-Kutta method was 60 s. Under these conditions, the CPU time required to run the two-layer conceptual model for the numerical experiments reported in this paper was about eight to 10 times less than for the Richards equation.
MODEL TESTING AND DISCUSSION OF RESULTS
We now evaluate the performance of the two-layer conceptual model and compare the results with numerical solutions of the Richards equation. Because solution of the Richards equation provides soil moisture profiles over the entire wetting zone, representative soil moisture values for the upper and lower soil layer were extracted and compared against the 1 and 2 values computed from the conceptual model. These were calculated as
where h i corresponds to a sublayer located within the transmission zone (Fig. 2) .
Test Case 1: Simple Rainfall Sequence
The event is characterized by two periods of rainfall of 7 and 4 h, respectively, at a constant rate of 0.8 cm/h, separated by a 3-h period of no rain, for a total amount of 8.8 cm over 14 h (Table 1 ). The rainfall rates were selected to be between the saturated hydraulic conductivities of the bottom and top soil layers, thus potentially producing ponded conditions and generating rainfall excess for a sufficiently long rainfall event. The soil moisture profile was initially set up at 0.09 and 0.13 cm 3 /cm 3 , respectively, for upper and lower soils and is close to the residual water content values. These values correspond to a uniform soil pore pressure of Ϫ10,000 cm.
The temporal evolution of soil moisture in the upper and lower soil layers obtained with the conceptual two-layer model is presented in Fig. 3 . Also shown in this figure are average soil moisture curves for the wetted profile generated by solving the Richards equation. They were computed with (20) by setting h 1 and h 2 to 2 cm. Fig. 3 shows that the correspondence between the model and the Richards-generated -t curves is generally good. Soil moisture in the upper soil layer is rising abruptly from 0.09 to 0.3 during the first hour of rainfall, followed by a more gradual increase as the wetting profile is expanding. After approximately 3.5 h of constant rainfall, the piston front reaches the bottom layer. Then, soil moisture behind the front in the bottom layer rises sharply in a stepwise fashion from 0.13 to 0.437. This behavior is a direct consequence of the sharp wetting front approximation and follows from the assumption that the soil pore pressure is uniform throughout the wetting profile. Notice that the curve from the Richards equation also produced a sharp soil moisture increase in the bottom layer; however, it is more gradual because of the presence of a distinct wetting zone. Upon entering the bottom layer, the downward velocity of the wetting front decreases because Layer 2 has a much smaller hydraulic conductivity than Layer 1. As Layer 2 slows the downward migration of the front, water starts to accumulate in the top layer, as witnessed by the more rapid increase in soil moisture as observed on the model's generated curve. A similar behavior was also noted on the curve produced by the Richards model, but it is much less pronounced. Both the conceptual model and Richards equation predict that the bottom layer in the transmission zone will saturate first. However, the conceptual model predicts that this will happen sooner (at t = 4.1 h compared to 5.7 h with the Richards equation), which is again a direct consequence of the assumptions underlying the model's structure. As rainfall continues, the conceptual model and the Richards equation predict an increase in soil moisture in the upper soil layer, however, without reaching saturation. Ponded conditions are never reached during the first rainfall hiatus and all the rainfall infiltrates. The maximum soil moisture is 0.430 and 0.429 for the conceptual model and Richards equation, respectively, and occurred at t = 7 h, which corresponds to the time when rainfall ceased.
During the next 3 h, the top layer drains into the bottom layer, which remains saturated as the wetting profile expands. This behavior predicted by the Richards equation was also reproduced by the conceptual model, as shown in Fig. 3 . The rate of decrease is similar for both the conceptual model and the Richards equation. Notice however that the rate as predicted by the Richards equation diminishes gradually, as evidenced by the exponential shape of the -t curve. This particular shape was not well reproduced by the conceptual model, where the rate of decrease is approximately constant between t = 7 and t = 8 h. This was somewhat expected given (17), where H, q 0 , and S s2 are constant terms, while the average hydraulic conductivity, as obtained by (9), and the depth of the wetting profile, do not change appreciably with time. The rate of decrease in soil moisture as predicted by the conceptual model changes and becomes exponential in shape starting at t = 8 h. At this time both the upper and the lower soil layers are below saturation and the rate of decrease is now governed by (13), where the 2 term on the right-hand side is responsible for the observed nonlinearity. A subsequent period of rainfall, starting at t = 10 h, causes the top and bottom soil layers behind the wetting front to replenish and to produce ponded conditions. Soil infiltration capacity becomes the limiting factor and a function of the depth of the wetting profile L, as shown in (18). Cumulative infiltration is 8.39 and 8.53 cm, respectively, for the two-layer conceptual model and the Richards equation, respectively, and excess rainfall is small with 0.61 and 0.47 cm, respectively.
Test Case 2: Complex Rainfall Sequence
The soil profile presented in Case 1 was subjected to the rainfall hyetograph shown in Fig. 4 . Total precipitation is 10.1 cm over a 21-h period. Again, the rainfall event is characterized by two distinct rain periods. However, rainfall intensities were allowed to vary with values initially between K 1s and K 2s , followed by a period where intensities exceeded the top layersaturated conductivity. Fig. 5 presents the -t curves for the top and bottom soil layers for both conceptual and Richards models. Corresponding infiltration rates are shown in Fig. 6 . The correspondence between the -t curves for the upper soil layer is generally very good, with differences in soil moisture values never exceeding 0.02 cm 3 /cm 3 . However, significant discrepancies are found for the bottom soil layer, especially when rainfall intensities are low. Here, the Richards equation predicted that the main wetting front would reach the bottom layer after approximately 5 h, as compared to 7.5 h for the conceptual model. Low rainfall rates, coupled with initially dry soil conditions, created and maintained an important wetting zone since the capillary drive at the wetting front was high. This zone, which is modeled by the Richards equation, is causing the early and gradual rise of soil moisture into the bottom layer. As the wetting zone is not explicitly represented in the soil moisture profile by the conceptual model, the arrival of the wetting front is delayed and the rise is sudden. Note in Fig. 5 that another wetting front, caused by the second rainfall period, reached the bottom layer at approximately the same time, i.e., at t = 10.2 and 10.7 h, respectively, for the Richards and conceptual models. As the soil moisture below this wetting front was high, the capillary drive at the front was low and the wetting zone was small. Under these conditions, the conceptual model represented more adequately the more theoretical Richards equation, which explains the better concordance between the two models in this case.
The total infiltration calculated by the conceptual model is slightly below that observed using the Richards equation (Fig.  6 ). This behavior, which was also observed in Case 1, is probably related to the sharp wetting front approximation introduced in the conceptual model. In that respect, it is worth noting that steeper infiltration fronts have been produced using the Richards equation when hysteresis effects were explicitly included in the modeling scheme (van Dam et al. 1996) . Therefore, by their very nature, models based on the sharp wetting front approximation, such as the Green-Ampt equation and our two-layer model presented here, may be partially including hysteresis effects. Such a hypothesis, of course, would need to be verified through carefully controlled laboratory and numerical experiments, which is beyond the scope of this paper. Nevertheless, including hysteresis effects in the solution of the Richards equation would reduce the amount of infiltrated water (Hopmans and Dane 1986) , possibly lessening the discrepancy observed in Fig. 6 .
Test Case 3: Effect of Soil Layering on Infiltration and Soil Moisture
In addition to its importance to the infiltration and surface runoff processes, near-surface soil moisture plays a major role in partitioning the net radiative forcing between latent and sensible heat flux (Entekhabi et al. 1994 ). Furthermore, as active microwaves are sensitive to the presence of soil moisture in the upper 5-10 cm soil layer (Dubois et al. 1995) , hydrological models that are capable of estimating soil moisture at shallow depths are required in order to make full use of radar remote-sensing images (Ragab 1995) . Soils exhibiting layering are typically found in urban and in agricultural environments. We tested the sensitivity of the conceptual two-layer model to the depth of the upper soil layer for various soil types, rainfall intensities, and upper layer thickness. A detailed description of the results of all these tests is beyond the scope of this paper. However, suffice it to say here that the thickness of the upper soil layer played an important role in estimating infiltration, runoff, and soil moisture for moderate to heavy rainfall rates. As a typical example, a two-layer soil made of sandy loam on top of a clay loam was subjected to two pulses of rainfall, totaling 7.8 cm (Table 2) . Two thicknesses were considered for the upper soil layer, namely 5 and 50 cm, and a sensitivity analysis was carried out on initial soil moisture conditions, with 25% saturation for dry soil and 60% for wet soil. The corresponding -t curves are presented in Fig. 7 . In that particular numerical experiment, the wetting front reached the bottom layer when the top layer thickness was set at 5 cm, while it remained in the top layer for the 50-cm case. This latter case was therefore identical to a homogeneous one-layer soil condition. As expected, the effect of layering was to increase the soil moisture in the upper layer. Moreover, surface runoff was generated when the upper soil was shallow, as evidenced by two distinct periods where soil moisture reached saturation. A total of 2.1 and 0.8 cm of surface runoff, equivalent to 27 and 10% of total precipitation, was produced under wet and dry conditions, respectively. In areas where soil layering is known to occur, it is thus important to take into account such a characteristic to adequately partition net rainfall into infiltration and runoff. One-layer models, such as that of Govindaraju and Kavvas (1993) will therefore underestimate runoff.
Test Case 4: Moderate to High-Permeability Soils
A series of numerical experiments were conducted in soils characterized by medium-to high-saturated hydraulic conductivities. A typical example is presented in the following, where a soil profile with a 10-cm sand on top of a thick layer of sandy loam was used. The soil profile was subjected to a rainfall pattern characterized by a first rainfall period of 2 h at a constant rate of 4 cm/h, followed by a 18-h period with no rain, and then by a 1-h rainfall at a constant rate of 3 cm/h. Both the conceptual model and the Richards equation produced no runoff. The -t curves for both models are presented in Fig. 8 . Again, the overall shape of the curves produced by the two-layer conceptual model are close to the Richards curves. Although the conceptual model overpredicted soil moisture during drainage and underestimated it during the wetting stages, the discrepancy never exceeded 0.04 cm 3 /cm 3 . Moreover, a second wetting phase, starting at t = 20 h, which was modeled as a secondary wetting profile evolving downward as the main wetting profile is assumed time-invariant (Corradini et al. 1997) , was well reproduced by the conceptual model. As a means of comparison, curves produced by the conceptual model with the assumption of a single wetting profile migrating downward is also shown in the figure. Clearly, the two-layer conceptual model developed here is capable of handling complex rainfall sequences. In addition, equally good results were obtained in numerical experiments involving low permeability soils, making the model suitable for simulating water movement for a variety of soil types.
SUMMARY AND CONCLUSIONS
In this study, a conceptual model was developed for modeling unsaturated water movement in a two-layered soil. The major assumption of the conceptual model is the representation of the downward water movement by a ''piston flow'' as in the Green-Ampt model. Moreover, the model assumes that the soil pore pressure is uniform throughout the wetted profile at any given time during the infiltration and redistribution processes. These assumptions allow us to reduce the more theoretical, and highly nonlinear, Richards equation to a single ordinary differential equation that can track average soil moisture in the upper and lower soil layers as well as the advance of the wetting front. Comparison of the model performance against numerical solutions of the Richards equation indicates that the model presented here is able to represent local infiltration and upper soil moisture accurately for complex rainfall sequences with significant periods of redistribution. Some small errors were observed between moisture and infiltration rates estimated by the model and the Richards equation. However, they are within the range of field measurement accuracies and are probably smaller than the variances induced by the natural variability of soil properties (Govindaraju et al. 1992) . Moreover, total infiltration produced by the model was systematically lower than by the Richards equation. These performances make the model presented here a conservative approach for hydrological modeling and an attractive choice to link with microwave remote-sensing data for those watersheds where soil layering is known to exist. Finally, the CPU time required to run the two-layer conceptual model for the numerical experiments reported in this paper were about eight to 10 times less than for the Richards equation. Additional time savings would be possible by augmenting the time step of the RK-4 method without significantly sacrificing the model's accuracy. Such savings therefore represent a formidable advantage over the use of the Richards equation for modeling spatially distributed infiltration in layered soils at the watershed scale.
